Objective: We sought to test a hypothetical explanation of contradictory results in studies of phenoxyherbicides and NHL, that the exposure of rubber gloves recommended for use by farmers when mixing or applying pesticides simultaneously to 2,4-D (2,4-dichlorophenoxyacetic acid), DEET (N,N-diethyl-m-toluamide), and ultraviolet rays increased (J Occup Environ Med. 2005; 47:806 -816) 
S everal phenoxyherbicides as a group have been declared probable human carcinogens by the International Agency for Research on Cancer (IARC). 1 The phenoxyacetic acid herbicides included are 2,4-D (2,4-dichlorophenoxyacetic acid), 2,4,5-T (2,4,5-trichlorophenoxyacetic acid), and MCPA (4-chloro-2-methylphenoxyacetic acid). Exposure to these chemicals, specifically 2,4-D, has become ubiquitous through occupational and environmental routes. In North America, 2,4-D has been widely used in agriculture to combat broad leaf weeds in several different types of crops. Commercial applications on areas such as golf courses, road allowances, parks, forests, apartment complexes, green spaces in addition to homeowner administration to lawns is common.
Several epidemiologic studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] of non-Hodgkin's lymphoma (NHL) in humans have reported statistically significant associations between occupational exposure, specifically among farmers, and forestry workers to phenoxyherbicides individually or as a group. Statistically significant dose-response relationships, such as higher risk among those applying the chemicals on more days per year, 8, 13 also have been found. Other studies 14 -17 using similar methodology have reported a lack of association.
Although the incidence rates for NHL have been increasing in the general population for the last three decades, it remains a relatively uncommon tumor. 18 -20 One conundrum in searching for an explanation of the contradictory results from our own and previous epidemiological studies of phenoxyherbicides and NHL, has been the ubiquitous nature of the exposure and the rarity of the disease outcome. Insect repellents are the only class of pesticides that are routinely and repeatedly applied to human skin or clothing. [21] [22] [23] [24] [25] Repellents are available in a variety of formulations. Canadians are subject to arthropod-borne discomfort and diseases. 26 Moody et al 27 tested the permeability to specific chemicals, including 2,4-D, of the types of rubber gloves commonly recommended for use by farmers when mixing or applying pesticides. They found that the permeability of gloves to 2,4-D increases after the gloves are exposed to DEET (N,N-diethyl-mtoluamide), the active ingredient in many insect repellents and ultraviolet (UVA) rays mimicking sunlight. Although health promoters and the pesticide manufacturers recommend specific types of chemically resistant gloves and clothing for use while mixing and applying pesticides that have various levels of toxicity to humans, the use of gloves and protective clothing is not consistent (Table 1) 17,28 -41 and the permeability of the gloves/protective clothing varies. 42, 43 We tested associations among exposure to specific herbicides, exposure to insect repellents and use of gloves/protective clothing while handling pesticides to explore their relationship to the risk of developing NHL.
Subjects and Methods
This study was approved by the appropriate ethics committees in each participating institution. The details of the methodology have been previously published. 13 Briefly, we conducted a population-based casecontrol epidemiologic study using mail questionnaires for the entire study group and structured pesticide exposure telephone interviews for those who indicated exposure to 10 hours or more per year of pesticide exposure, and a 15% random sample of the remaining cases and controls. Females were excluded from the study because of: (1) financial constraints and; (2) the perception that the percentage of exposed women and their levels of exposure to pesticides were lower than that of men. The case subjects were men aged 19 years or older who were residents in one of six Canadian provinces and had a first diagnosis of NHL (ICD-9 code 200 or 202) between September 1, 1991, and December 31, 1994. Case subjects were ascertained from provincial cancer registries except in Quebec where hospital ascertainment was used. The control subjects were men aged 19 years or older who were residents in the same province as the appropriate case and were free of the cancers of interest and selected at random within age constraints from the provincial Health Insurance records (four provinces), computerized telephone listings (one province) or voters' lists (one province). The control subject's selection was stratified by age Ϯ2 years to be comparable with the age distribution of the entire case group, which included soft tissue sarcoma, Hodgkin's disease, NHL, and multiple myeloma. Deceased subjects were ineligible as either cases or control subjects. All participating control subjects were used in the statistical analyses of each cancer site.
With permission, we modified the telephone interview questionnaire that had been used in studies of pesticide exposure and several types of tumors in Kansas 8 44 program. Data from the postal survey and telephone interview were merged by using the identification numbers. Statistical analysis followed the procedures recommended in Breslow et al. 45 using SAS. 46 We conducted descriptive analyses of each variable which included, where applicable, frequencies, ranges, means Ϯ standard deviations (SDs), and median values for cases and controls separately. Conditional logistic regression 46 was used to compute odds ratios (OR) and 95% confidence intervals (95% CI) with strata for age and province of residence. ORs were calculated for "any" phenoxyherbicide exposure and for the commonly used phenoxyherbicides; 2,4-D, mecoprop, and MCPA and for insect repellents containing DEET and use of rubber gloves while handling pesticides among the total study population and among subjects who had ever lived or worked on a farm. "Any" phenoxyherbicide exposure refered to exposure to combinations of chemicals classified as phenoxyherbicides, including the phenoxyacetic compounds (2,4-D, MCPA, 2,4,5-T); the phenoxy-2-propionics (dichlorprop, fenoprop, mecoprop); the phenoxybutanoics (2,4-dichlorophenoxy butyric acid [2,4-DB]); and other phenoxyalkanoics (diclofop methyl, fenoxaprop, fluazifop-butyl, quizalofop ethyl).
In addition, conditional logistic regression subanalyses of farm residents were conducted using the variables related to phenoxyherbicide *Expressed as percent of occupational applicators studied. †If gloves are reported separately, their frequency of use is reported in the next column. ‡Each applicator could report more than one type. exposure, insect repellents containing DEET and use of rubber gloves included in the models using mutually exclusive exposure groups. The reference group includes subjects with no exposure to any of the three variables of interest; group 1 included subjects without exposure to phenoxyherbicides (dicamba), group 2 included subjects with exposure to phenoxyherbicides (dicamba) without regard to DEET or rubber gloves, and group 3 included subjects with exposure to all three variables. We did not include the use of rubber gloves in statistical models related to the total population because we could not infer exposure to sunlight while exposed to pesticides among nonfarmers. Similar analyses were repeated with dicamba containing herbicides because in our previous report, 13 exposure to dicamba-containing herbicides remained an independent risk factor for NHL after adjustment for exposure to major chemical classes of pesticides and important covariates including a personal history of previous cancer or measles, allergy desensitization shots, and a positive history of cancer in first-degree relatives. The phrase "dicamba-containing herbicides" refers to products containing dicamba (3,6-dichloro-2-methoxybenzoic acid) as the primary active ingredient and to mixtures containing dicamba plus 2,4-D and mecoprop or glyphosate or mecoprop and MCPA amine or 2,4-D amine and mecoprop.
Results
A review of the pathological data was conducted to convert ICD-9 codes to ICD-10, resulting in a reduction of four subjects compared with our previous reports. 13 Figure 1 is a schematic showing the population studied, frequency of exposure to the variables of interest (DEET, "any phenoxyherbicide," 2,4-D, mecoprop, MCPA, dicamba-containing herbicides, rubber gloves, and other protective equipment) and the univariate ORs for each variable calculated with strata for age and province of residence. There were 513 cases with NHL and 1506 population-based control subjects. Of the cases, 235 (45.8%) had lived or worked on a farm compared with 673 (44.7%) controls. Table 2 characterizes exposure to "any phenoxyherbicide" and to individual phenoxyherbicides in the presence/absence of exposure to DEET among all cases of NHL (n ϭ 513) and control subjects (n ϭ 1506). The statistical models were computed by using a conditional logistic model with three dummy variables: (1) yes to exposure to herbicide, no exposure to DEET; (2) no exposure to herbicide, yes to DEET; and (3) yes to both exposures. The reference category was no exposure to either the herbicide or DEET. Exposure to both DEET and to phenoxyherbicides within these models did not result in major changes to the point estimates of the ORs of the phenoxyherbicides derived from univariate models. Table 3 consists of similar analyses conducted on the subpopulation of farm residents/workers with the addition to the analyses of the use of rubber gloves. Among this subpopulation, the point estimate of the OR was increased for exposure to "any phenoxyherbicide" from OR 1.26 (95% CI ϭ 0.89 -1.79) in the univariate; to OR 1.65 (95% CI ϭ 1.01-2.67) in a model with "any phenoxyherbicide and rubber gloves; to OR 1.99 (95% CI ϭ 1.06 -3.74) in the stratum that included exposure to "any phenoxyherbicides," DEET, and rubber gloves. A larger change occurred with mecoprop: univariate, OR 1.94 (95% CI ϭ 1.06 -2.78); mecoprop and gloves, OR 3.33 (95% CI ϭ 1.52-7.27) to 3.86 (1.55-9.40) for stratum with exposure to DEET, mecoprop, and gloves. Table 4 shows a similar analyses incorporating exposure to DEET and to dicamba-containing herbicides for the total population. Including DEET in the model did not materially change the point estimates of the ORs or the 95% CI (univariate 1.90; 95% CI ϭ 1.36 -2.64), addition of DEET to the model (OR 1.94; 95% CI ϭ 1.39 -2.70); stratum with exposure to both DEET and dicamba (OR 1.84; 95% CI ϭ 1.23-2.75). Table 5 shows a stratified analysis incorporating exposure to DEET, to dicambacontaining herbicides, and use of rubber gloves among farm residents/ workers. Including DEET and use of rubber gloves in the model only slightly modified the ORs or the 95% CI (univariate 1.73; 95% CI ϭ 1.13-2.64); addition of only DEET or the use of rubber gloves and dicamba to the model (OR 1.71; 95% CI ϭ 1.12-2.63 and OR 1.86; 95% CI ϭ 1.05-3.27), respectively; stratum with exposure to DEET, dicamba, and rubber gloves (OR 2.04; 95% CI ϭ 1.02-4.06). Few cases or control subjects used other types of protective clothing/ equipment while mixing or handling pesticides. Among farm residents/ workers, rubber boots were worn by 7.2% of cases and 5.6% of control subjects, masks by 10.6% and 9.8% respectively, respirators or spray suits by less than 3% of each group, and goggles by 1.7% of cases and 3.6% of control subjects. Other types of protective clothing/equipment, other than rubber gloves, were not included in statistical models.
Discussion
The major reasons 21, 26 for use of insect repellents are (1) to prevent potential transmission of diseases, such as encephalitis, from animals to humans; (2) to control infestations of insects by encouraging avoidance behavior of insects such as roaches in areas of buildings where it is inadvisable to use stronger insecticides; and (3) to promote comfort among humans and animals perturbed by nuisance insects such as some types of mosquitoes and black flies. According to Steltenkamp et al, 23 a successful repellent is persistent, nontoxic, chemically stable, economical, and odorless. Characteristically, repellent use involves repeated applications in areas frequented by humans and to human skin and/or clothing. Repellents are available in a variety of formulations, such as powders, lotions, and spray-on emulsions. The most widely used insect repellents for use on human skin or clothing contain either DEET or benzyl benzoate. 21 Epidemiologic studies of association between NHL and exposure to pesticides, including phenoxyherbicides and specifically 2,4-D or mecoprop, have produced conflicting results. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] A few studies have shown dose-response relationships of increasing NHL risk with increasing days/year of exposure to selected phenoxyherbicides. 8, 13 Other studies 14 -17 of occupationally pesticide exposed individuals do not provide evidence of an association with risk of developing NHL. This conundrum is magnified by the ubiquity of environmental, incidental, accidental, and occupational exposure to 2,4-D and other phenoxyherbicides and the relative rarity of NHL. A Standard Protocol 47 has been developed to measure the dermal absorption of pesticides using animal models that specifies that the applied doses should be in the range of concentrations that a worker might encounter while mixing or applying the chemical or through contact in areas recently treated. Dermal penetration by pesticides 42 is dependent on several factors, which include those related to the chemical characteristics of the pesticide (ie, solubility, rate of evaporation, concentration); those related to the physical environment (ie, temperature, humidity) and, for humans, those related to the applicator (ie, occupational hygiene practices, intact condition of the skin, the amount of exposed skin, site of exposed skin). Animal tests 42, 48 usually are conducted using one type of formulation (eg, solvents, carrier compounds, surfactants, emulsifiers, dispersants) of one active ingredient at several concentrations. Many types of pesticide-exposed workers, on the contrary, experience multiple contacts and the potential for dermal absorption of several pesticides and other agents, such as diesel engine emissions, within relatively short intervals. 13, 37 It is difficult to predict effects caused by concurrent exposure to two or more chemicals. The effects may be synergistic, inhibited, or there may be no effect. 47 In various studies as reviewed by Robbins and Cherniack, 49 9% to 56% of the applied dose of DEET penetrates human skin whereas 17% is estimated to be absorbed into the circulation. The percent absorbed and metabolized is dependent on dose applied, frequency of application, and the formulation. Different metabolites were found dependent on applied dose and formulation. 50 Abou-Donia et al. 51, 52 have described an enhancement of neurotoxicological effects in hens caused by simultaneous exposure to DEET, to insecticides (chlorpyrifos or Permethrin), and to pyridostigmine bromide, an agent that was administered to soldiers to protect against possible nerve gas attacks in the Persian Gulf. However, DEET was less effective than several other compounds in promoting transdermal penetration of a lipophilic drug and of a hydrophilic compound urea, in an in vitro test system, 53 which might have implications for the results reported by Moody et al 27 in relationship to DEET. Haley and Kurt 54 reported an association among self-reported use of a military-issued insect repellent containing 75% DEET, adverse reaction to pyridostigmine bromide and subsequent neurological symptoms. Similar associations were not found when the subjects reported use of insect repellents that contained 33% DEET or a different active ingredient. 54 A study 55 showed that covering porcine skin after application of DEET increased absorption and the authors suggest that DEET should not be applied to body areas which will be covered by clothing.
Experimental studies of human exposure to 2,4-D and other selected herbicides have been conducted using several different methods. Volunteers 56 have ingested the herbicide or permitted dermal application. Environmental monitoring and exposure assessments of bystanders and home applicators have been conducted which found low (undetectable to 0.0071 mg/kg body weight) cumulative concentrations of 2,4-D in urine 96 hours after application. 57 Farmers' exposures have been monitored, measured, and evaluated in field studies in which the investigators permit the subjects to follow their usual practices while mixing and applying the herbicide. 58, 59 These studies show that under field conditions, the herbicide enters the body by several routes, that 70% to 80% of the estimated absorbed dose of 2,4-D or metabolites is excreted in the urine with an elimination half-life of 35 to 48 hours after application and that the estimated absorbed dose depends on the amount sprayed, the number of consecutive days of exposure and the interval between days of exposure. In a biomonitoring study conducted in Saskatchewan in mid-winter when the ambient temperature regularly approaches Ϫ40°C, 2.7% of the 332 farmers and rural residents had detectable levels of 2,4-D in their plasma samples months after the herbicide application season ended. 60 Recent evaluations of the efficacy of insect repellent formulations containing DEET as the active ingredient have confirmed their effectiveness, for instance, in preventing mosquitoes from landing on exposed skin, and their safety, when properly applied for the general adult public. 50, [61] [62] [63] Products with concentrations of DEET greater than 30% have been shown to be no more effective than those with lower concentrations and the higher concentration products are not acceptable for registration in Canada. 61 Parents are advised to institute and practice other insect avoidance techniques for their children aged 2 to 12 years, and 6 months to 2 years to minimize the number of applications per day (recommended maximum three times per day for the former and once per day for the latter using the least concentrated formulation [10% or less DEET]). 61 These products should not be applied to the hands or faces of children and should not be used at all on infants younger than 6 months. A case-control DEET versus placebocontrolled study showed that DEET crosses the placenta. 63 However, there was not an increase of adverse effects to either the mothers or the fetus and child up to one year of age. 63 Using products containing both DEET and sunscreen results in more frequent application of DEET than recommended as sunscreens must be applied "frequently and liberally" to achieve maximum protection, therefore, these products are no longer registered in Canada. 61 The active ingredients in sunscreens including DEET result in vitro in increases in the percent of transdermal penetration of 2,4-D and a decrease in the lagtime. 64 Using an in vitro human nasal mucosal cell assay, the genotoxicity of DEET was similar to permethrin and to diazinon 65 although the authors did not comment on whether or not the concentrations tested are similar to those routinely encountered by humans. The putative associations examined among exposure to DEET, phenoxyherbicides and use of gloves/ protective clothing while mixing or applying pesticides were not "a priori" hypotheses during the design of our original study. Characterization of pesticide exposure and its potential association with NHL or any of the other three types of tumor was the primary focus. The questions on insect repellents were asked as part of an effort to comprehensively document exposure to pesticides. The question related to the use of rubber gloves while handling pesticides was one of a series intended to evaluate general occupational hygiene techniques practiced by respondents. The impetus for these analyses was the report by Moody et al, 27 which described a laboratory study of the permeability of the types of rubber gloves commonly used by farmers to combinations of selected pesticides, DEET and UVA radiation. They found that the permeability of the gloves to 2,4-D but not DDT was increased by simultaneous exposure to DEET and UVA. Their results suggest a mechanism by which dermal exposure to 2,4-D might be increased by the normal working conditions of farmers. Therefore, we restricted some of the analysis to farm workers/residents as simultaneous exposure to selected pesticides, DEET, rubber gloves, and sunlight could be inferred. This restriction resulted in a decrease in the number of exposed subjects. However, the results were similar to those of the total population and the biological argument is stronger in the restricted analyses. DEET is a known plasticizer which can damage a variety of materials such as leather, spandex, rayon, watch crystals and fishing gear including waders. 66 -68 Therefore, the logical basis for exploring a relationship among gloves, DEET, selected chemicals, and NHL was strengthened. Applicators' perception of how often pesticides penetrate through gloves to skin is that it seldom or never happens (range 64% for leather gloves to 68% for canvas/ cotton gloves). 36 The limitations of the analyses that we conducted are related to deficits in the type of information collected. We did not determine the exact type of rubber gloves used, which may vary in their permeability or whether gloves were specifically used while mixing or applying 2,4-D or other phenoxyherbicides of interest. The temporal relationship between the mixing or application of pesticides and the use of DEET is unknown. Lack of information in each of these instances would tend to bias the results toward the null. The fact that we have been able to demonstrate statistically significant consistent results for exposure to mecoprop adjusted for exposure to DEET or stratified by exposure to DEET and use of rubber gloves is indicative of a need to follow this line of inquiry utilizing a questionnaire which elicits the required information, by monitoring selected pesticides or their metabolites in biological fluids or by assessing selected markers of exposure to phenoxyherbicides.
The case-control design which we used has inherent limitations, including recall bias and selection bias. The reasons for self-selection into the study are unknown. We assessed the potential of a rural bias by comparing respondents and nonrespondents using postal codes and did not find evidence to support a bias. The questionnaires used were modified from that used by Hoar et al. 8 to reflect Canadian pesticides and nomenclature and subsequently validated by comparing questionnaire responses to the records of pesticide suppliers. In addition, farmers knowledge of pesticides used has been shown to be accurate because they have to make many decisions concerning the choice of pesticide used, the tax implications and the costs of conducting business. 69 There are very few surrogate responders. These factors all tend to decrease the rate of misclassification of exposure to pesticides among farmers. The study has fairly large numbers of respondents with strong minorities exposed to each of the factors of interest (DEET, "any" phenoxyherbicide, 2,4-D, mecoprop, dicamba, rubber gloves). Before these analyses, the overall results of this study 13 with respect to NHL and the herbicides of interest were consistent with previously published studies utilizing similar methodology. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In our previous study, 13 the OR and CI obtained for "any" phenoxyherbicide (OR 1.38; 95% CI ϭ 1.06 -1.81), 2,4-D (OR 1.32; 95% CI ϭ 1.01-1.73), mecoprop (OR 2.33; 95% CI ϭ 1.58 -3.44), and dicamba (OR 1.88; 95% CI ϭ 1.32-2.68) were statistically significantly elevated after adjustment for age, residence, a positive family history of measles, allergy desensitization shots, family history of cancer among first degree relatives, and personal history of a prior cancer.
Because the hypothesis addressed in this report was not a priori at the time the study was planned, we encourage others to address the hypothesis using archival data and in studies in which the design and methodology have been specifically modified to elicit the appropriate information as to the temporal sequences of exposure to DEET, to phenoxyherbicides and use of rubber gloves while exposed to sunlight. Sample sizes must be large enough to statistically address the issues of exposure to multiple pesticides, either simultaneously or concurrently and other effect modifiers or confounders, which include personal hygiene habits during and after handling pesticides and other agricultural chemicals, personal and family medical history, and cigarette-smoking practices. Biomonitoring of selected herbicides or their metabolites in biological tissues/fluids among large numbers of subjects in conjunction with questionnaires will also be a useful addendum in the identification of those exposed who may be at elevated risk of developing NHL. Follow-up of an in vitro study, 70 which found that DEET enhanced transdermal delivery of 14 different drugs of diverse chemical composition to varying degrees using selected pesticides in combination with DEET, would be a valuable addition. The development of selected markers of internal exposure to phenoxyherbicides such as chromosomal translocations 71 similar to those found in the tumor tissue of NHL also are important.
